
American Journal of Epidemiology

ª The Author 2011. Published by Oxford University Press on behalf of the Johns Hopkins Bloomberg School of

Public Health. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.

Vol. 174, No. 2

DOI: 10.1093/aje/kwr062

Advance Access publication:

May 16, 2011

Original Contribution

A Prospective Study of Arsenic Exposure From Drinking Water and Incidence of
Skin Lesions in Bangladesh

Maria Argos, Tara Kalra, Brandon L. Pierce, Yu Chen, Faruque Parvez, Tariqul Islam,
Alauddin Ahmed, Rabiul Hasan, Khaled Hasan, Golam Sarwar, Diane Levy, Vesna Slavkovich,
Joseph H. Graziano, Paul J. Rathouz, and Habibul Ahsan*

* Correspondence to Dr. Habibul Ahsan, The University of Chicago, 5841 South Maryland Avenue, MC 2007, Chicago, IL 60637

(e-mail: habib@uchicago.edu).

Initially submitted September 21, 2010; accepted for publication February 16, 2011.

Elevated concentrations of arsenic in groundwater pose a public health threat to millions of people worldwide.
The authors aimed to evaluate the association between arsenic exposure and skin lesion incidence among
participants in the Health Effects of Arsenic Longitudinal Study (HEALS). The analyses used data on 10,182 adults
free of skin lesions at baseline through the third biennial follow-up of the cohort (2000–2009). Discrete-time hazard
regression models were used to estimate hazard ratios and 95% confidence intervals for incident skin lesions.
Multivariate-adjusted hazard ratios for incident skin lesions comparing 10.1–50.0, 50.1–100.0, 100.1–200.0, and
�200.1 lg/L with �10.0 lg/L of well water arsenic exposure were 1.17 (95% confidence interval (CI): 0.92, 1.49),
1.69 (95% CI: 1.33, 2.14), 1.97 (95% CI: 1.58, 2.46), and 2.98 (95% CI: 2.40, 3.71), respectively (Ptrend ¼ 0.0001).
Results were similar for the other measures of arsenic exposure, and the increased risks remained unchanged with
changes in exposure in recent years. Dose-dependent associations were more pronounced in females, but the
incidence of skin lesions was greater in males and older individuals. Chronic arsenic exposure from drinking water
was associated with increased incidence of skin lesions, even at low levels of arsenic exposure (<100 lg/L).

arsenic; Bangladesh; cohort studies; environmental exposure; keratosis; melanosis

Abbreviations: CI, confidence interval; HEALS, Health Effects of Arsenic Longitudinal Study; OR, odds ratio; RERI, relative excess
risk for interaction.

Globally, more than 100 million people, including
approximately 28–57 million in Bangladesh, are chronically
exposed to arsenic through naturally contaminated drink-
ing water (1). The International Agency for Research on
Cancer has classified arsenic as a class I human carcinogen
(2). Arsenic in drinking water has been associated with
increased risk of a wide range of health outcomes including
cancers of the skin, lung, bladder, liver, and kidney (3–7);
neurologic disease (8); cardiovascular disease (9); and other
nonmalignant diseases (10, 11).

Although most arsenic-related cancers have long average
latency periods, skin lesions appear within a relatively shorter
period of time following exposure to arsenic (12, 13). Addi-
tionally, skin lesions are considered precursors to a majority of
the arsenic-induced basal and squamous cell skin cancers (14).

Numerous epidemiologic studies have evaluated the
relation between arsenic in drinking water and skin lesion
prevalence in various populations, such as the recent review
by Smith and Steinmaus (15). All prior studies have been
cross-sectional or case-control in design, utilizing data
from prevalent cases. Although these studies have clearly
demonstrated increased skin lesion risk at high arsenic con-
centrations (>100 lg/L), the risk of skin lesions at lower
arsenic exposure levels still remains in question. Addition-
ally, to our knowledge, no prospective cohort studies have
been conducted to evaluate the association between arsenic
exposure in drinking water at the individual level and skin
lesion incidence.

The Health Effects of Arsenic Longitudinal Study (HEALS)
provides a unique opportunity to investigate the association

185 Am J Epidemiol. 2011;174(2):185–194



between arsenic exposure and skin lesion incidence by using
a prospective design based on individual-level assessment
of arsenic exposure. In this study, we utilize data from the
HEALS cohort to evaluate the incidence of skin lesions in
relation to arsenic exposure, measured by individual-level
well water and urinary total arsenic concentrations, as well
as by daily arsenic intake.

MATERIALS AND METHODS

Study sample

HEALS was designed to investigate the health effects of
arsenic exposure through drinking water in a population-
based sample of adults in Araihazar, Bangladesh. The study
methods have been described previously (16). At the start
of the study, we identified 12,050 eligible individuals for
recruitment from the enumerated total of approximately
65,000 residents in the study area. Between October 2000
and May 2002, we sampled married individuals aged 18–75
years and residing in the study area for at least 5 years. There
were 11,746 men and women enrolled into the HEALS
cohort. At the baseline interview, trained study physicians
blinded to the arsenic concentrations in participants’ drink-
ing water conducted in-person interviews and clinical and
skin evaluations, and they collected urine and blood samples
from participants in their homes according to a structured
protocol. Participants were contacted for a follow-up inter-
view biennially thereafter, following the same protocol as
that for the baseline interview. For the purposes of this anal-
ysis, we excluded individuals with prevalent skin lesions at
baseline (n ¼ 714), no baseline skin examination (n ¼ 306),
or no first follow-up skin examination (n ¼ 544). Thus, we
included 10,182 individuals in the present analysis.

Exposure assessment

At baseline, participants were asked to identify the primary
well used as their main source of drinking water, from which
we assigned the appropriate well water arsenic concentration
exposure. Well water arsenic concentrations of all 5,966 wells
in the study area were measured by graphite furnace atomic
absorption spectrometry, with a detection limit of 5 lg/L.
Samples below the limit of detection were subsequently re-
analyzed by inductively coupled plasma-mass spectrometry,
with a detection limit of 0.1 lg/L (17). Daily arsenic intake
(lg/day) was calculated by multiplying the well water arsenic
concentration of the primary well, lg/L, by the self-reported
daily amount consumed from that well, L/day (n ¼ 10,176).
If participants drank from a secondary well, information from
that well was included in the daily arsenic intake computa-
tion. To incorporate information on the duration of arsenic
exposure, we calculated a cumulative arsenic index as (well
water arsenic concentration of each known well, lg/L) 3
(daily amount consumed from each well, L/day) 3 (duration
of well use, days), summed over all known wells. A sensitiv-
ity analysis was performed to examine the effect of using the
cumulative arsenic index relative to daily arsenic dose.

Among the 9,904 individuals who provided a spot urine
sample at baseline, 9,876 (99.7%) provided a spot urine

sample at the first follow-up, and 9,408 (95.0%) provided
a spot urine sample at the second follow-up. The urinary
total arsenic concentration was measured by graphite fur-
nace atomic absorption spectrometry, with a detection limit
of 2 lg/L (18). Urinary creatinine was measured by a color-
imetric method based on the Jaffe reaction described by
Heinegard and Tiderstrom (19), and urinary total arsenic
was subsequently divided by creatinine to obtain a creati-
nine-adjusted urinary total arsenic concentration, expressed
as lg/g of creatinine (20).

Well water arsenic cutpoints for the first and second quin-
tiles were adjusted to correspond with the World Health
Organization’s guideline for arsenic in drinking water
(10 lg/L) and the national standard for arsenic in drinking
water in Bangladesh (50 lg/L). The urinary total arsenic
concentration and the daily arsenic intake were categorized
by quintiles according to the baseline distribution of the
cohort eligible for analysis.

Skin lesion status

The first follow-up wave was conducted between September
2002 and May 2004; among the 10,182 eligible participants,
all completed the first follow-up interview based on the
exclusion criteria of the present analysis, and 431 incident
skin lesions were detected (Figure 1). The second follow-up
wave was conducted between June 2004 and August 2006;
among the 9,751 participants known to be free of skin
lesions at the first follow-up evaluation, 9,231 (94.7%) had
a completed skin examination at the second follow-up
interview, of whom 311 had incident skin lesions. The third
follow-up wave was conducted between January 2007 and
February 2009; among the 8,920 participants known to
be free of skin lesions at the second follow-up evaluation,
8,516 (95.5%) had a completed skin examination at the
third follow-up interview, of whom 124 had incident skin
lesions. In summary, a total of 10,182 individuals were
included in these analyses, of whom 866 individuals devel-
oped incident skin lesions. Participants who did not develop
skin lesions were censored at the third biennial follow-up
(n ¼ 8,392) or time of last skin examination (n ¼ 924). For
the purposes of these analyses, once an individual was cen-
sored, there was no reentry into the analysis cohort.

A structured protocol was used to ascertain skin lesions
by the study physicians who had undergone training for the
detection and diagnosis of skin lesions. The study physician
recorded the presence or absence of melanosis (a hyper-
pigmentation of the skin surface), leucomelanosis (a hypo-
pigmentation of the skin surface), or keratosis (a thickening
of the skin typically on the palms and soles) (21). For the
present analysis, skin lesion incidence was constructed on
the basis of the incidence of any type of skin lesion among
individuals who previously had no manifestation of any type
of skin lesion.

Covariates

All covariate data were derived from the baseline interview.
We included sex (male, female), age (years), formal education
(yes, no), attained level of education (years), smoking status
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(never, former, or current), and body mass index (weight
(kg)/height (m)2), with height and weight measured at the
baseline examination by the study physician.

Statistical analyses

Discrete-time hazard models were used to estimate dis-
crete-time hazard ratios and their 95% confidence intervals
for skin lesion incidence. These models were based on the
probability (i.e., the discrete-time hazard) of skin lesion
incidence at each biennial follow-up period conditional on
being skin lesion free at the previous interval (22). The
conditional probability was estimated by using a log-linear
model with a different intercept for each study interval,
but with common regression coefficients across all intervals.
The regression coefficients were interpreted as log discrete-
time hazard ratios, analogous to log (continuous time) haz-
ard ratios that arise in the traditional proportional hazards
model (23). Because the enrollment of participants into the
cohort was clustered on household (i.e., married couples)
and households were clustered on the primary well, robust
standard errors computed on the basis of the primary
well were used for discrete-time hazards to account for this
correlation as is done in generalized estimating equations
analyses (24).

Arsenic exposure quintiles were modeled by using indi-
cator variables in regression models, initially adjusted for
sex and age, and including indicators for study interval.
Multivariate models included further adjustment for body
mass index, smoking status, formal education, and years
of attained education. These covariates were considered
potential confounders on the basis of a priori causal knowl-
edge. Tests for trend were conducted by introducing a single
ordinal arsenic exposure variable in the discrete-time hazard

model, and the corresponding P value of the coefficient was
interpreted as the P for trend (Ptrend). We evaluated effect
modification by sex and age (dichotomized at the median
value) on both the additive and multiplicative scales. Addi-
tive interaction was evaluated through the relative excess
risk for interaction (RERI) by using multivariate-adjusted
estimates. This was calculated as

RERI ¼ expðb1þb2þb3Þ � expðb1Þ � expðb2Þþ1:

Here, b1 is the coefficient of the ordinal arsenic exposure
measure, b2 is the coefficient of the ordinal effect modifier
measure, and b3 is the coefficient of the cross-product of
the ordinal arsenic exposure and ordinal effect modifier
measures (25, 26). Bias-corrected and -accelerated 95%
confidence intervals of the RERI were estimated via 1,000
bootstrap samples, where the resampling was performed
at the level of well (27). Confidence intervals of the RERI
were also calculated by using the delta method described
by Hosmer and Lemeshow (28) with similar results (not
shown). Tests for multiplicative interaction were assessed
via the P value of the cross-product term of the ordinal
exposure variable and the ordinal effect modifier in the
discrete-time hazard model.

Using repeated urinary total arsenic concentration mea-
sures, assessed every 2 years from all participants, we also
evaluated the impact of recent changes in arsenic exposure
during the follow-up period on skin lesion incidence. The me-
dian urinary total arsenic concentration at baseline (273 lg/g)
was used to dichotomize the baseline, first, and second follow-
up measures. In the model that included baseline and follow-up
1 exposure patterns, skin lesions detected in the 2 waves sub-
sequent to follow-up 1 were modeled. In the model that in-
cluded baseline and follow-up 2 exposure patterns, skin lesions

11,746 baseline 
cohort members 

Exclusion of prevalent skin lesions at baseline  
(n = 714), no baseline skin examination (n = 306), or 

no follow-up 1 skin examination (n = 544) 

10,182 skin lesion 
free at start of 
follow-up 1 

9,751 skin lesion  
free at start of 
follow-up 2 

8,920 skin lesion  
free at start of 
follow-up 3 

Incident skin lesions (n  = 431) 

Incident skin lesions ( n = 311) 
Censored at follow-up 1 because of no skin 

examination (n = 520) 

Incident skin lesions (n = 124) 
Censored at follow-up 2 because of no skin 

examination (n = 404) 

Figure 1. Flowchart of study participation through follow-up 3 for skin lesion assessment, Health Effects of Arsenic Longitudinal Study,
Bangladesh, 2000–2009.
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Table 1. Selected Baseline Characteristics of Participants by Incident Skin Lesion Status, Health

Effects of Arsenic Longitudinal Study, Bangladesh, 2000–2009

Characteristic

Incident Skin Lesions

HR 95% CI
Present
(n 5 866)

Absent
(n 5 9,316)

No. % No. %

Well water
arsenic, lg/L

0.1–10 139 16.1 2,339 25.1 1.00 Referent

10.1–50 134 15.5 2,086 22.4 1.08 0.85, 1.38

50.1–100 152 17.5 1,674 18.0 1.52 1.19, 1.93

100.1–200 206 23.8 1,829 19.6 1.86 1.48, 2.32

�200.1 235 27.1 1,385 14.9 2.69 2.16, 3.35

Urinary total arsenic
(creatinine), lg/g

7–88 137 16.2 1,845 20.4 1.00 Referent

89–155 117 13.9 1,867 20.6 0.85 0.66, 1.09

156–240 169 20.0 1,803 19.9 1.25 0.99, 1.57

241–392 186 22.1 1,804 19.9 1.36 1.09, 1.71

�393 235 27.8 1,741 19.2 1.76 1.42, 2.18

Daily arsenic
intake, lg/day

0.4–19.4 116 13.3 1,924 20.7 1.00 Referent

19.5–100.8 133 15.4 1,899 20.4 1.16 0.90, 1.49

100.9–233.1 168 19.4 1,866 20.0 1.48 1.16, 1.88

233.2–472.0 185 21.4 1,849 19.9 1.63 1.29, 2.06

�472.1 264 30.5 1,772 19.0 2.37 1.89, 2.97

Body mass
index, kg/m2

<18.5 379 44.1 3,531 38.1 1.00 Referent

18.5–24.9 445 51.8 5,019 54.2 0.83 0.72, 0.95

�25 35 4.1 709 7.7 0.47 0.33, 0.67

Education, years

0 424 49.0 4,060 43.6 1.00 Referent

1–5 248 28.7 2,778 29.8 0.85 0.73, 0.99

�6 193 22.3 2,473 26.6 0.76 0.64, 0.91

Sex

Male 613 70.8 3,378 36.3 1.00 Referent

Female 253 29.2 5,938 63.7 0.24 0.21, 0.28

Cigarette smoking

Never 333 38.4 6,579 70.6 1.00 Referent

Former 133 15.4 467 5.0 5.10 4.19, 6.21

Current 400 46.2 2,267 24.3 3.39 2.93, 3.92

Age, years

18–30 75 8.7 3,257 35.0 1.00 Referent

31–40 240 27.7 3,456 37.1 2.91 2.23, 3.78

41–50 319 36.8 1,953 21.0 6.57 5.09, 8.49

51–75 232 26.8 649 6.9 13.50 10.29, 17.71

Skin lesion severity

Keratosis 197 22.8

Melanosis/leucomelanosis 669 77.2

Abbreviations: CI, confidence interval; HR, hazard ratio.

188 Argos et al.

Am J Epidemiol. 2011;174(2):185–194



detected in the last wave subsequent to follow-up 2 were mod-
eled. These models were also adjusted for all previously men-
tioned potential confounders.

Statistical analyses were performed by using the pro-
cedure GENMOD, SAS release 9.2 (SAS Institute, Inc.,
Cary, North Carolina), and STATA, version 11 (StataCorp
LP, College Station, Texas), software.

RESULTS

Between 2000 and 2009, 866 incident skin lesion cases
were identified among 10,182 individuals in the HEALS
cohort—431 incident cases at the first follow-up, 311 in-
cident cases at the second follow-up, and 124 incident cases
at the third follow-up. Characteristics of the analysis cohort
members according to incident skin lesion status are shown
in Table 1. In unadjusted models, body mass index, years
of formal education, and female sex were inversely associ-
ated with skin lesion incidence; smoking history and older
age were positively associated with skin lesion incidence.

Adjustment for well water arsenic concentration did not
appreciably change these hazard ratios, and all sociodemo-
graphic and lifestyle characteristics remained significant
risk factors for incident skin lesions (results not shown).

Arsenic exposure was associated with skin lesion in-
cidence in a dose-dependent manner for all 3 measures
of exposure (Table 2). By utilization of the ordinal expo-
sure data in the multivariate models, a 1-quintile increase
in well water arsenic concentration was associated with
a 31% increase in incidence of skin lesions (95% confidence
interval (CI): 1.25, 1.38), with corresponding increases
of 27% (95% CI: 1.21, 1.34) and 30% (95% CI: 1.24,
1.37) for urinary total arsenic concentration and daily arse-
nic intake.

In sensitivity analyses, inclusion of the cumulative
arsenic index in skin lesion models did not show additional
predictive power beyond that shown from other arsenic
exposure measures (which did not include duration of well
use). Because the daily arsenic dose was highly correlated
with the cumulative arsenic index, results of the latter are
not presented.

Table 2. Hazard Ratios for Incident Skin Lesions According to Quintiles of Arsenic Exposure, Health

Effects of Arsenic Longitudinal Study, Bangladesh, 2000–2009

Arsenic Exposure
No. of
Events

Age- and Sex-adjusted
Estimatea No. of

Events

Multivariate Estimateb

HR 95% CI HR 95% CI

Well water
arsenic, lg/L

0.1–10 139 1.00 Referent 137 1.00 Referent

10.1–50 134 1.17 0.93, 1.49 134 1.17 0.92, 1.49

50.1–100 152 1.70 1.34, 2.15 151 1.69 1.33, 2.14

100.1–200 206 2.00 1.60, 2.50 201 1.97 1.58, 2.46

�200.1 235 3.00 2.41, 3.74 235 2.98 2.40, 3.71

Ptrend 0.0001 0.0001

Urinary total arsenic
(creatinine), lg/g

7–88 137 1.00 Referent 136 1.00 Referent

89–155 117 0.93 0.73, 1.18 115 0.90 0.71, 1.15

156–240 169 1.39 1.11, 1.74 167 1.34 1.07, 1.68

241–392 186 1.69 1.36, 2.11 185 1.62 1.29, 2.02

�393 235 2.53 2.05, 3.14 233 2.39 1.92, 2.97

Ptrend 0.0001 0.0001

Daily arsenic
intake, lg/day

0.4–19.4 116 1.00 Referent 115 1.00 Referent

19.5–100.8 133 1.23 0.96, 1.58 132 1.23 0.96, 1.58

100.9–233.1 168 1.60 1.27, 2.03 167 1.57 1.24, 1.99

233.2–472.0 185 1.85 1.47, 2.32 183 1.82 1.45, 2.30

�472.1 264 2.99 2.39, 3.74 261 2.92 2.34, 3.65

Ptrend 0.0001 0.0001

Abbreviations: CI, confidence interval; HR, hazard ratio (discrete time).
a Additionally adjusted for follow-up 2 indicator and follow-up 3 indicator.
b Adjusted for sex, age, body mass index, formal education, education years, follow-up 2 indicator,

follow-up 3 indicator, and smoking status (current vs. never, past vs. never).
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We evaluated whether the associations between arsenic
exposure and skin lesion incidence were modified by sex
and age on the additive and multiplicative scales. Estimates
are presented in Tables 3 and 4 for the interpretation of
multiplicative interaction; estimates interpreted for additive
interaction can be derived from the information provided
in the footnote. We observed significant interaction on
the multiplicative scale, by sex, for the association between
daily arsenic intake and skin lesion risk (v2 ¼ 4.60, 1 df;
Pinteraction ¼ 0.036), suggesting that the dose-response asso-
ciation between arsenic exposure and skin lesion incidence
is stronger in females. On the additive scale, we observed
that skin lesion incidence was greater in males with each 1-
quintile increase in well water arsenic exposure than would
be expected on the basis of the additive independent effects

of sex and well water arsenic exposure alone (RERI ¼ 0.47),
as shown in Table 3. Similar departures from additivity were
seen with urinary total arsenic exposure and daily arsenic
intake. No significant interaction was observed on the mul-
tiplicative scale between arsenic exposure and age on skin
lesion incidence (Table 4). On the additive scale, skin lesion
incidence was greater in individuals aged 36 years or older
with each 1-quintile increase in well water arsenic exposure
than would be expected on the basis of the additive inde-
pendent effects of age and well water arsenic exposure alone
(RERI ¼ 0.77), as shown in Table 4. Similar departures
from additivity were also seen with urinary total arsenic
exposure and daily arsenic intake.

We examined the impact of 2- and 4-year changes in
arsenic exposure (as measured by repeated urinary total

Table 3. Hazard Ratios for Incident Skin Lesions According to Quintiles of Arsenic Exposure by Sex, Health

Effects of Arsenic Longitudinal Study, Bangladesh, 2000–2009

Arsenic Exposure

Females Males

PinteractionNo. of
Events

HRa 95% CI
No. of
Events

HRa 95% CI

Well water
arsenic, lg/L

0.1–10 26 1.00 Referent 111 1.00b Referent 0.10

10.1–50 44 1.79 1.08, 2.95 90 1.02 0.78, 1.34

50.1–100 38 1.99 1.19, 3.32 113 1.62 1.25, 2.11

100.1–200 57 2.61 1.62, 4.21 144 1.82 1.42, 2.34

�200.1 83 4.49 2.85, 7.08 152 2.58 2.02, 3.30

Ptrend 0.0001 0.0001

RERI 0.47 0.26, 0.74

Urinary total arsenic
(creatinine), lg/g

7–88 26 1.00 Referent 110 1.00c Referent 0.40

89–155 25 0.85 0.49, 1.50 90 0.92 0.70, 1.20

156–240 42 1.42 0.87, 2.33 125 1.31 1.02, 1.69

241–392 49 1.51 0.93, 2.46 136 1.67 1.30, 2.14

�393 93 2.72 1.74, 4.23 140 2.23 1.73, 2.88

Ptrend 0.0001 0.0001

RERI 0.47 0.28, 0.77

Daily arsenic
intake, lg/day

0.4–19.4 21 1.00 Referent 94 1.00d Referent 0.036

19.5–100.8 30 1.32 0.75, 2.33 102 1.22 0.93, 1.60

100.9–233.1 45 1.98 1.16, 3.38 122 1.48 1.14, 1.92

233.2–472.0 56 2.50 1.50, 4.17 127 1.66 1.27, 2.16

�472.1 96 4.08 2.50, 6.66 165 2.61 2.03, 3.35

Ptrend 0.0001 0.0001

RERI 0.48 0.26, 0.80

Abbreviations: CI, confidence interval; HR, hazard ratio (discrete time); RERI, relative excess risk due to

interaction.
a Adjusted for age, body mass index, formal education, education years, follow-up 2 indicator, follow-up 3

indicator, and smoking status (current vs. never, past vs. never).
b HR ¼ 3.64 comparing males with females in this lowest exposure quintile.
c HR ¼ 2.87 comparing males with females in this lowest exposure quintile.
d HR ¼ 3.47 comparing males with females in this lowest exposure quintile.
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arsenic concentrations) subsequent to baseline enrollment,
shown in Table 5. The multivariate-adjusted hazard ratio
for comparison of high baseline exposure with low baseline
exposure was 1.70 (95% CI: 1.40, 2.08) for incident skin
lesions occurring subsequent to the first follow-up. Further
stratification of baseline exposure status by the first follow-
up exposure levels did not appear to have a differential
effect on skin lesion incidence (Table 5). The multivariate-
adjusted hazard ratio for comparison of high baseline
exposure with low baseline exposure was 2.09 (95% CI: 1.45,
3.01) for incident skin lesions occurring subsequent to the
second follow-up. Further stratification of baseline exposure

status by the second follow-up exposure levels also did
not appear to have a differential effect on skin lesion in-
cidence (Table 5).

DISCUSSION

We observed a dose-dependent increase in risk of incident
skin lesions with increasing arsenic exposure. There was
evidence of synergism on the additive scale of these associ-
ations by sex and age (with stronger effects among males and
older subjects) and, to a lesser degree, on the multiplicative

Table 4. Hazard Ratios for Incident Skin Lesions According to Quintiles of Arsenic Exposure by Age, Health

Effects of Arsenic Longitudinal Study, Bangladesh, 2000–2009

Arsenic Exposure

18–35 Years 36–75 Years

PinteractionNo. of
Events

HRa 95% CI
No. of
Events

HRa 95% CI

Well water
arsenic, lg/L

0.1–10 17 1.00 Referent 120 1.00b Referent 0.26

10.1–50 25 1.53 0.81, 2.90 109 1.08 0.83, 1.39

50.1–100 31 2.24 1.20, 4.19 120 1.54 1.20, 1.98

100.1–200 34 2.37 1.33, 4.25 167 1.88 1.48, 2.39

�200.1 50 4.27 2.44, 7.48 185 2.71 2.15, 3.41

Ptrend 0.0001 0.0001

RERI 0.77 0.49, 1.15

Urinary total arsenic
(creatinine), lg/g

7–88 14 1.00 Referent 122 1.00c Referent 0.14

89–155 18 1.24 0.63, 2.43 97 0.85 0.66, 1.11

156–240 28 1.85 0.98, 3.52 139 1.25 0.98, 1.59

241–392 37 2.42 1.31, 4.47 148 1.46 1.15, 1.85

�393 51 3.47 1.91, 6.31 182 2.13 1.69, 2.68

Ptrend 0.0001 0.0001

RERI 0.68 0.41, 1.08

Daily arsenic
intake, lg/day

0.4–19.4 13 1.00 Referent 102 1.00d Referent 0.12

19.5–100.8 21 1.59 0.79, 3.21 111 1.17 0.90, 1.52

100.9–233.1 29 2.24 1.15, 4.39 138 1.46 1.14, 1.88

233.2–472.0 31 2.22 1.17, 4.21 152 1.79 1.40, 2.29

�472.1 63 4.54 2.49, 8.26 198 2.56 2.02, 3.24

Ptrend 0.0001 0.0001

RERI 0.78 0.48, 1.28

Abbreviations: CI, confidence interval; HR, hazard ratio (discrete time); RERI, relative excess risk due to

interaction.
a Adjusted for sex, body mass index, formal education, education years, follow-up 2 indicator, follow-up 3

indicator, and smoking status (current vs. never, past vs. never).
b HR ¼ 4.50 comparing individuals aged 36–75 years with those aged 18–35 years in this lowest exposure

quintile.
c HR ¼ 5.12 comparing individuals aged 36–75 years with those aged 18–35 years in this lowest exposure

quintile.
d HR ¼ 4.86 comparing individuals aged 36–75 years with those aged 18–35 years in this lowest exposure

quintile.
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scale by sex (with stronger effects among females). Utiliz-
ing repeated measures of creatinine-adjusted urinary total
arsenic concentration for all cohort members, we found
that chronic long-term exposure to arsenic (captured from
the baseline assessment of exposure) was a more important
predictor of skin lesion risk than were the subsequent short-
term changes in exposure (captured at the follow-up visits).

Most importantly, we observed an effect of arsenic ex-
posure on the risk of skin lesions, even at lower levels
of well water arsenic exposure in this population (50.1–
100 lg/L); this finding was consistent across all major sub-
groups defined by sex and age. Of the 3 measures of arsenic
exposure that we ascertained, the water-based measures
of arsenic exposure (well water arsenic concentration and
daily arsenic intake) were more strongly associated with
disease risk on the basis of quintile scores. Prior studies
using individual well water arsenic concentrations have
shown dose-dependent associations of arsenic exposure
with skin lesion prevalence by using cross-sectional designs
(21, 29–31) as well as case-control studies of prevalent cases
that utilized current well water arsenic concentration (32),
constructed measures of lifetime arsenic exposure (13), and
20-year historical arsenic exposure (33). However, for many
of these studies, the prevalence of skin lesions at the lower
well water arsenic concentrations was quite low relative
to the prevalence we have previously observed in our study
population (21), as well as by others (33, 34). Consequently,
many of these prior studies failed to show an effect of arse-
nic at the low dose range because of the small number of
cases indentified at low exposure levels. Rahman et al.(33)
showed that individuals exposed to a time-weighted mean
well water arsenic concentration of 10–49 lg/L since 1970
had an increased risk of skin lesions compared with individ-
uals exposed to <10 lg/L (male adjusted odds ratio (OR) ¼
3.25, 95% CI: 1.43, 7.38 and female adjusted OR ¼ 1.66,
95% CI: 0.65, 4.24). McDonald et al.(32) in a case-control

study including only female prevalent cases of skin lesions
showed marginal increased risk for current well water arse-
nic concentrations of 11–50 lg/L (OR ¼ 1.33, 95% CI:
0.77, 2.28) compared with �10 lg/L. Finally, we previously
reported an increased risk of prevalent skin lesions for
a time-weighted mean well water arsenic concentration
of 8.1–40 lg/L (prevalence OR ¼ 1.91, 95% CI: 1.26,
2.89) relative to �8.0 lg/L (21). A strength of the current
analysis was that we had the unique opportunity of having
a sufficient number of incident skin lesion cases among
individuals exposed to arsenic concentrations less than
100 lg/L to evaluate effects at the lower end of the arsenic
dose range. Variations in the incidence of skin lesions across
study populations should be considered in future research
and may potentially be attributable to differences in socio-
economic characteristics, smoking patterns, nutritional
status, or the distribution of other modifying risk factors.

There was significant modification of the associations
between arsenic exposure and skin lesion risk by sex on
the additive and multiplicative scales and by age on the
additive scale. Males were observed to have an increased
incidence of arsenical skin lesions compared with females,
which is consistent with studies of skin lesion prevalence
(21, 29, 30, 33–36). It has been suggested that the increased
incidence among males may be partly attributed to sun
exposure (37) or differences in arsenic methylation capacity
(38, 39). However, we saw that the multiplicative dose-
response association between daily arsenic dose and skin
lesion risk was more pronounced in females. We also ob-
served that older individuals had an increased incidence
of skin lesions, which was consistent with prior studies
(33) and has also been attributed to decreased arsenic meth-
ylation capacity with increased age (38, 40–44).

Utilizing repeated measures of urinary total arsenic ex-
posure over time, we see that once chronically exposed,
decreasing exposure for up to several years did not reduce

Table 5. Hazard Ratios for Incident Skin Lesions According to Change in Arsenic Exposure, Health Effects

of Arsenic Longitudinal Study, Bangladesh, 2000–2009

Baseline Exposurea Follow-up Exposure
No. of
Events

No. at
Risk

HRb 95% CI

Baseline and follow-up 1

Low Low 225 5,279 1.00c Referent

Low High 24 612 0.99 0.77, 1.26

High Low 81 1,370 1.71 1.37, 2.13

High High 89 1,636 1.69 1.32, 2.15

Baseline and follow-up 2

Low Low 61 4,812 1.00 Referent

Low High 7 633 1.04 0.66, 1.64

High Low 28 1,383 2.06 1.38, 3.07

High High 26 1,397 2.15 1.35, 3.41

Abbreviations: CI, confidence interval; HR, hazard ratio (discrete time).
a Low categories were based on creatinine-adjusted urinary total arsenic concentrations of <273 lg/g;

high categories were based on creatinine-adjusted urinary total arsenic concentrations of �273 lg/g.
b Adjusted for sex, age, body mass index, formal education, education years, and smoking status (current

vs. never, past vs. never).
c Hazard ratios were additionally adjusted for follow-up 2 indicator and follow-up 3 indicator.
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one’s risk of skin lesions. Whereas short-term changes in
exposure did not decrease skin lesion risk, we will continue
to evaluate the modification of risk as the cohort is followed
for a longer period of time. Studies from Taiwan and Chile
have shown that cancer risks persist even with the cessation
of arsenic exposure (45–47); therefore, it may be important
to consider other chemoprevention strategies in conjunction
with remediation for arsenic-exposed populations.

The major strengths of this study were the prospective
design, the large size of the study cohort, the wide range
of arsenic exposure, the multiple measures of baseline arse-
nic exposure, and the repeated prospective assessment
of urinary total arsenic concentration. Whereas previous
studies have demonstrated an association between arsenic
exposure and skin lesions at high exposure levels, those
studies relied primarily on prevalent cases and had limited
power at the low exposure levels.

There are limitations of this study that we also consider.
A complete lifetime historical assessment of arsenic expo-
sure has not yet been undertaken for this study population.
A major obstacle to this endeavor is that many of the wells
that individuals may have used in the distant past may no
longer exist or be in the same location; therefore, ascertain-
ment of the water arsenic concentration of historical wells
will not be complete for all cohort members. When we
compare the mean number of years that individuals reported
using their primary baseline well, individuals with incident
skin lesions had reported using the baseline well for 7.96
(standard deviation, 5.98) years, and individuals without
skin lesions had reported using the baseline well for 6.98
(standard deviation, 4.90) years.

The findings of this study have important public health
implications for arsenic in drinking water. Prior epidemio-
logic research has examined the prevalence of skin lesions
with arsenic concentrations. This is the first large study
to examine the association of skin lesion incidence with
arsenic exposure. Second, 24% of the cohort in the analysis
had well water arsenic concentrations of less than 10 lg/L
and 46% less than 50 lg/L, which makes the exposure levels
comparable to other populations that have low level arsenic
exposure.

In conclusion, we found that arsenic exposure through
drinking water was associated with increased risk of skin
lesion incidence, even at water concentrations less than
100 lg/L. Because prior studies have not been sufficiently
powered to evaluate skin lesion risk at low levels of arsenic
exposure, this work provides important evidence for arsenic
toxicity at low exposure levels. Additionally, we saw per-
sistent increased risk of skin lesions even among individuals
who had reduced their arsenic exposure in recent years,
which suggests that future chemoprevention interventions
should be considered in conjunction with remediation of
exposed populations to reduce future cancer risks.
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